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ABSTRACT

A vital step to radiocarbon dating rock paintings involves the characterization of
organic material in the paint. Using THM-GC-MS we have created a library of mass
spectrometric data on possible organic binders, to compare to authentic paint samples. To
reduce interference from contaminants and the mineral background, we are developing a
simple purification technique to extract proteins and carbohydrates from these samples.
Separating the organics can greatly enhance our results for GC-MS identification and
subsequent radiocarbon analysis by accelerator mass spectroscopy.

INTRODUCTION

Accurate dating of archaeological items is a complicated endeavor dependent on
many factors regarding the artifact in question, such as the material of which it is made,
or the environment in which it was found. A subcategory in archaeological science that
poses unique problems in chronology is rock art. Traditional methods such as
stratigraphy, or looking at the layer of earth in which the object was found, cannot be
applied to rock paintings. The primary means of dating rock art until recently has been
stylistic examination and comparison. This yields at best a relative chronology with other
paintings of different time periods unless archaeologists are fortunate to study paintings
that depict animals or technology that is known to have originated no earlier than a
specific period [1].

Application of chemical investigative techniques to the study of

archaeological artifacts has become a great tool in broadening our understanding of past
human behavior. Yet further complications arise with the use of any form of chemical
analysis that is destructive, as these paintings are culturally valuable and irreplaceable.
Consequently, the method must not cause noticeable damage or compromise the integrity
of the art, a complication that has been overcome in recent years with the advent of
radiocarbon analysis. Specifically, accelerator mass spectrometry (AMS) is the best tool
with regard to sensitivity and required sample size [2, 3, 4]. However, to apply this
technique, there must be organic material in the paint that is associated with the creation
of the painting. The organic material, called a binder, would presumably be added to
emulsify the pigment and allow the mixture adhere to the surface to which it is applied.
The carbon, which undoubtedly also contains rock minerals from the wall, is extracted

from the paint sample by plasma oxidation at temperatures that leave the geological
carbon behind [2, 4]. Of course, this is useful only if the paint was made with organic
material that has also survived hundreds to thousands of years. If so, the next step is then
to characterize the organic binder from the paint and thereby confirm the date given by
AMS radiocarbon analysis.
The detection of organic substances in archaeological art has sometimes been
accomplished by visual analysis, although these cases are rare. A study by Cole and
Watchman [4] concluded, through visual analysis and microscopy, that two Aboriginal
rock paintings in Australia contained miniscule plant fibers which subsequently
underwent AMS dating. A follow-up study by the same authors further investigated the
optical properties of the recovered fibers to compare to those from identifiable local
plants [5]. However, the approach can be quite problematic, as the features of fibrous
plant tissues that could be used to distinguish the plant species also depend on what part
of the plant the tissue is from. There were also problems of interference of inorganic
components of the paint that could not be completely removed due to the tacky nature of
the plant exudations, as well as evidence of damage to the plant fibers. Yet samples from
three sites bore superficial and optical similarities to a local plant, the kapok bush, found
around many of the sites. The observation that many fibers were in close association
with the paint and those that were not were woody and bundled led to the hypothesis that
plants may have been used both as a fixative and as a brush-like implement. Citing
several ethnographic and ethnobotanical studies, the authors remained optimistic that the
fibers were associated with the paint.

Fourier transform infared (FTIR) spectroscopy is also an established analytical
method for the identification of binders in museum fine art. A particularly interesting and
thorough study examined the effects of aging of linseed oil and egg yolk binders using
FTIR to analyze paints that had been made and kept in museum-like conditions since in
the 1930’s [7]. By following the documented preparation of the paints, the authors
synthesized modern versions of the paint to spectroscopically observe the aging process
on the binders. It was also possible to thermally accelerate the aging of the fresh paint
and produce similar effects. Particularly applicable to archaeological paints is the
discovery that the type of inorganic pigment influences the chemical changes in the egg
and oil binders during natural and thermally accelerated aging. For instance, curing
linseed oil by heating, in the presence of hematite seemed to impede the progress of
oxidative polymerization associated with degradation of oils. The results also
demonstrated the considerable stability of amide linkages in egg protein, which clearly
were still present after nearly 50 years of natural aging as well as extensive heating in the
case of accelerated aging.
GC-MS analysis is also used in distinguishing certain lipids in binders such as oils
from sunflower, linseed, and poppy through ratio comparison of fatty acid ethyl esters.
This technique may be of most use in examining unsaturated fatty acids in rock paintings,
such as stearic and palmitic acids, as they are the most stable of the fatty acids [8]. One of
the earliest studies using this approach was conducted by Pepe et al. (in 1991). The
significant amount of unsaturated fatty acids and absence of heavy fatty acids and sterols
led the authors to propose that an oil had been used as a binder [9]. However, caution
should be exercised, as accretions on top of the paint can create misleading results. In at

least one case an oxalate coating has been found to contain fatty acids, possibly from
biological interference from microbes in the rock shelter where the paint samples were
taken [8]. The same study found no statistical difference between the C16:0 and C18:0
content of the paint and the coating, indicating that had any lipids been used in the paint
they had deteriorated below detection.
Gas chromatography is also used extensively to identify the proteinaceous matter
in artistic materials, including historic fine art [6, 8-12]. In the cases where a proteinbased binder is suspected, amino acid ratios are used to distinguish possible sources such
as milk, egg, animal glue, casein, albumin, etc. The best comparisons are made using
multivariate plots, most commonly principle component analysis [6, 7]. For instance,
animal glue made by boiling collagen-containing tissues has been found to have high
quantities of glycine and proline compared to the other proteinaceous binders studied
[6,7], and glues made from pork and beef gelatin can be differentiated using relative
amounts of hydroxyproline [7, 10]. This straightforward analysis can be complicated,
however, with binders made from a combination of proteinaceous media, works that are
much further degraded, and interference from the pigments in derivatization of amino
acids [10-12]. These factors are particularly challenging when applying these techniques
to ancient art, in which pollution and degradation increase several fold. All of the
aforementioned studies focused on museum pieces of art, which have the advantage of
having significantly less degradation due to relative age and being more sheltered than
rock paintings.

MATERIALS
Archaeological Materials
Samples of authentic rock paint from shelters in the Lower Pecos River region of
Texas (shown in Figure 1) were obtained from Dr. Marvin Rowe of Texas A&M
University as part of a study on rock art chronology; these paintings have yielded
radiocarbon dates of approximately 3000 years old, though the binder remains
uncharacterized. Initial study by Spades and Russ [12] determined that lipids are present
in the paint at levels that are no higher than unpainted substrate samples, suggesting that
the binder may be proteinaceous or carbohydrate-based.

Figure 1. Pictures (right to left): Satellite images of the Lower Pecos River Region,
TX; rock shelter at the 41VV75-8 site; pictograph at 41VV75-8 from which paint
samples were collected

Pictograph samples were also obtained as part of a blind study conducted by Dr.
Marvin Rowe to test various methodologies for binder identification. The origin of the
samples was not disclosed. Figure 2 shows the samples as they were received.

a

b

Figure 2. Photographs of the blind study pictograph samples: (a) unpainted
substrate; (b) paint.

Also investigated were paint samples from the main Boulder Cave pictograph site
(24PA1004) from a limestone cave in the Gallatin National Forest in Montana (Figure 3).
The site lies within the Boulder River Valley, a broad glacial valley, approximately 1200
feet above the valley base. The entrance of cave, which is 5 meters wide and 6 meters
high and faces south, extends at least 25 meters into the Beartooth Mountains. The floor
slants steeply downward further into the interior of the shelter, resulting in constant
sediment flow and deposit in the cave, intensified by the removal of mountainside
vegetation in the 2006 Derby forest fire. Five distinct panels within the shelter display
animal and humanoid figures fingerpainted with red-orange or red-purple iron oxide
pigment, and it has been observed that dust and sediment deposits within the cave have
obscured the paint panels over time. The paint sample was taken from Panel 4, the only

one painted on the east side of the cave, approximately 5.5 meters from the cave entrance.
This panel has no recognizable figures, but is made up of medium red-orange lines, dots
and smears. Also included in Panel 4 is a square-shaped icon applied with crayon [13],
which refers to a fragment of iron oxide of pigment. Modern additions to the panel
include the dates 1842, 1927, and 1492 written in pencil, and the letter “R” in charcoal.
As the sample received was likely to be contaminated with dust and seeping ground
water, the samples were pretreated in phosphate buffer of pH 8, and ultrasonicated for an
hour at 50 ± 5˚C, a method newly developed by Mary Ellen Freund in her thesis work on
removal of humic acid residue on archaeological artifacts [14]. However, this method
when applied to the paint sample, appeared to extract all of the organic material into the
phosphate buffer, thus the Boulder Cave samples were not subjected to ammonia
extraction, as the others.

Figure 3. Rock shelf in Panel 4 of Boulder Cave, MT pictograph site

METHODS
Two types of analyses were carried out on the previously described rock painting
samples and a control. The purpose of the control, which did not contain any
archaeological sample, is to account for any modern carbon introduced during the
preparation so a correction can be made should the preparation be followed by
radiocarbon analysis. Preliminary screening studies utilized the thermally assisted
hydrolysis/methylation-gas chromatography-mass spectrometry (THM-GC-MS) method.
Further analysis of the proteinaceous fraction, where present, was carried out by
hydrolysis, derivatization of the free amino acids, and GC-MS in the more sensitive
selected ion storage mode, which is specific to ion trap mass spectrometers and analogous
to the common selected ion monitoring mode described by others [15- 17].
Instrumentation
Samples were run on a Varian 3800 gas chromatograph equipped with a VF-5ms
nonpolar stationary phase column (30 m long, 0.25 mm i.d., 0.25 µm film thickness) and
a Varian Saturn 2000 ion trap mass spectrometer in electron impact mode. THM-GC-MS
studies utilized the Varian ChromatoProbe sample insertion apparatus, which allows solid
samples in a microvial to be introduced into the GC. GC-MS Conditions were as
follows: initial oven temperature 40°C ramped to 250°C at 6.5 °C/min, hold 10 minutes
for total time of 47.31 minutes at 1.5 ml/min flow rate.
SEM-EDS data was collected using a Hitachi scanning electron microscope
coupled to an IXRF energy dispersive x-ray spectrometer with an added x-ray tube for
wide area scans.

Sample preparation
For the THM-GC-MS analyses, samples were ground to a powder and transferred
to a ChromatoProbe vial. Tetramethylammonium hydroxide (25% in methanol, Sigma)
was added to the vial (1-3 µL) to convert components of low volatility (e.g., amino and
fatty acids) to their correspondingly more volatile methyl esters. This provided a
qualitative impression of the types of components that were present in the paint samples.
From the results of this preliminary analysis, it was determined which category of organic
material was likely present: lipid, protein, carbohydrate, and what specific investigation
was to follow. Because of time limitations, only proteins were investigated further.

Protein extraction, cleanup and hydrolysis
Approximately 0.1-0.8 g of each sample was transferred to a 1 mL Eppendorf
tube, to which 2 mL of 25 mM ammonia was added. Tubes were then sonicated twice at
60°C for 2 hours each, with the liquid decanted and centrifuged to separate the aqueous
layer from suspended mineral.
To eliminate unwanted background interference from the mineral phases, a
protein-specific extraction technique successfully developed to characterize paint binders
in modern fine art was used [18]. This technique involves the use of specialized pipette
tips containing C4 reversed-phase media to bind peptides and proteins selectively in the
presence of salts. Adding this simple purification stage allows for the separation and
analysis of only the proteins from the paint. By analyzing a method blank, we can
account for modern carbon contributed by the purification steps. We thus applied this

technique to prehistoric paint samples for both binder characterization and radiocarbon
analysis.
A 100 µL aliquot of protein extract was transferred to a centrifuge tube and dried
under nitrogen flow in a warm water bath and reconstituted in 100 µL 0.1%
trifluoroacetic acid (TFA). The solid phase extraction pipet tip was prepared by wetting
with 75% ACN/0.1% TFA, followed by 0.1% TFA to equilibrate. The sample was
aspirated 5 times, rinsed with 0.1% TFA, then eluted from the tip with 75%
acetonitrile/0.1% TFA into a conical vial. The resulting prepared protein extract was
then evaporated under nitrogen flow, and 200 µL of 6 M HCl was added to the vial. The
vial was placed in a 110°C oven for 24-48 hours.

Derivatization
This method was adapted from the procedure outlined in a paper by Schilling et
al. [19]. Free amino acids were treated with ethyl chloroformate in ethanol and pyridine
to generate volatile N(O,S)-alkoxycarbonyl amino acid alkyl esters, which are amenable
to GC-MS analysis. This derivatization method is rapid as well as reliable for the
recognition of single amino acids. A diagram of the general reaction is shown in Figure 4
[15, 16].
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Figure 4. Formation of N(O,S)-alkoxycarbonyl alkyl ester derivative by ethyl
chloroformate in EtOH and pyridine

Into a 1 mL Eppendorf tube the following were combined: 90 µL of the hydrosylate,
32 µL ethanol, 110 µL pyridine, 5 µL ethyl chloroformate, and 5 µL of 80 µg/g
norleucine standard in 25mM HCl (not for MT samples). Evolution of carbon dioxide
resulted from the addition of ECF as part of the reaction, which was facilitated by
ultrasonication for 30 minutes at room temperature. Following ultrasonication, 100 µL
1% ECF in chloroform was added to tube, and tapped to separate layers. The chloroform
layer was removed and dried over anhydrous Na2SO4. This step was repeated with 100
µL chloroform and the chloroform layers combined in another glass vial. The chloroform
was evaporated under gentle N2 flow until the odor of pyridine was detected and
condensation formed on the sides of the vial. If analysis did not follow the same day, the
vial was sealed and refrigerated.
Fifteen microliters of hexane was added to the derivatized amino acids, and 5 µL
was analyzed by direct injection into the gas chromatograph.
GC-MS Analysis of ECF Derivatives
Retention times for ECF derivatives of amino acids of interest were found from a
mix of Ala, Gly, Val, Leu, Ser, Thr, Pro, Asn, Met, Phe, Cys, Lys, Tyr, Asp, Glu, Arg
and Nor at a concentration of 0.11 g/L in 0.1M HCl. Chromatographic conditions were
initial oven temp 60°C, ramp to 270°C at 8°C/min., total 35 minutes at 1ml/min flow
rate. Mass spectra for THM analysis were collected over the range of m/z 45-650. A
total ion chromatogram of this mixture was used to determine the range of retention times
for each component. This information was used to construct a SIS method to retain ions
of interest, as found by Huang et al. and Fiamegos et al.[16, 17]. The SIS program

yielded the chromatogram shown in Figure 5 for the standard amino acid mixture with
the corresponding m/z data in Table 1.

Figure 5. Selected ion chromatogram for standard amino acid mix

Table 1. Retention Times and m/z for Amino Acid ECF Derivatives. Bold type
indicates molecular ion, underline indicates the ions selectively retained in the SIS
mode.
Amino Acid
Ala
Gly
Val
Leu
Ser
Thr
Pro
Asn
Met
Phe
Cys
Lys
Tyr
Asp
Glu

Ions
189, 116, 70
175, 102, 104
217, 144, 116, 55
231, 158, 102
(205) 132, 175, 129, 101, 86
(219) 129, 179, 101
215, 142, 70, 98
214, 141, 69, 174, 102
249, 175, 61, 188, 142, 129, 101
265, 176, 91, 131, 102, 91, 74
293, 220, 74, 174, 114, 102, 74
318, 156, 226, 272, 226, 84
353, 107, 192, 264, 192
261, 188, 142, 74, 70
275, 202, 156, 128, 84

RESULTS
Lower Pecos River Region, TX
From the preliminary analysis with TMAH shown in Figure 6, there appears to be
more material in the background rock than painted substrate, contrary to expectations.
However, the layer that is the paint makes up a very small amount of the painted sample,
the majority consists of rock. Since the amount transferred to the THM tubes was
inexact, it is possible in this case that the additional components seen in the
chromatogram for the unpainted substrate is due to a larger sample size. Comparison of
the relative carbon content by plasma oxidation in the original radiocarbon study revealed
slightly more material in the painted samples than unpainted substrate [1]. The samples
obtained from the Lower Pecos River Region are from the same area as those already
analyzed for lipids [8]. As previously acknowledged, had there been a lipid-based binder
used in the paint, it had deteriorated to a level indistinguishable from lipids on the
surrounding unpainted rock. Therefore, we similarly ruled out lipids as being present for
our samples.

Figure 6. Total ion chromatograms for THM derivatized painted and unpainted
samples from 41VV75-8

After the protein extraction and clean-up, the 4141VV75-8 background and paint were
analyzed by GC-MS using SIS. As shown in Figure 7, there are peaks present in the
paint sample not present in the substrate, however, their mass spectra do not correspond
with ethyl ester derivatives of any of the 15 natural amino acids studied.

Figure 7. Selected ion chromatograms for ECF-derivatized amino acid extract from
41VV75-8, both painted and unpainted

Boulder Cave, MT
Preliminary analysis using TMAH showed an abundance of amines in the
chromatogram not present in the background (Fig. 8), which may be due to a
proteinaceous element in the paint.

Figure 8. Total ion chromatograms for THM derivatized painted and unpainted
samples from Boulder Cave, MT

However, these amine groups were not found in the form of amino acids after treatment,
as evidenced by Figure 9. Proline, cysteine and tyrosine were detected, but not found in
measurable quantities. Either the amines found in the first analysis are not from amino
acids, or they are chemically altered such that they are not selected in the chromatogram.
The charge-to-mass ratios of the unidentified peaks are in Table 2.

Table 2. Mass Spectra Mass-to-Charge Information on Unidentified Peaks in
Selected Ion Chromatogram for Boulder Cave, MT Painted Sample
Peak Number
1
2
3
4
5

Ion m/z information
73, 152
91, 255, 269 154
73, 152
153, 327, 343, 165
103, 197, 152

Figure 9. Selected Ion Chromatograms for ECF-derivatized amino acid extract
from Boulder Cave, MT, both painted and unpainted.

Figure 10. SEM-EDS spectra for both the painted and unpainted Blind Study
samples, showing absence of inorganic pigments (Mn, Fe, Cu).

Blind Study
Observation of Blind Study Paint under the microscope shows charcoal-like
fragments suspended in white material, perhaps clay (inset in Fig.9, Fig. 2). Due to its
unique appearance, the blind study paint sample was first examined by SEM-EDS, used
to identify inorganic pigments in paint. Powdered samples were mounted on carbon tape
and placed uncoated into the SEM chamber, giving the spectra in Fig. 10.
Major peaks characteristic of inorganic pigments, such as manganese, iron, or
copper, were absent in the SEM-EDS data. However, significant charging indicative of
organic matter occurred, suggesting that the color apparent in the paint is due to the

organic matter that also serves as the binder. As shown in Figure 11, no amino acids
were found.

Figure 11. Selected ion chromatograms for ECF derivatized amino acid extract for
painted and unpainted samples provided for Blind Study

DISCUSSION
Our results were not as definitive as anticipated, but there are a number of factors
that could have complicated our analysis. Of course the unidentifiable peaks are
intriguing, particularly the presence of large ions, greater even than the heaviest
unfragmented naturally-occurring amino acids. This may be due to inadequate hydrolysis
of the protein backbone and intact disulfide bonds between cystine residues. This
problem may be remedied by treating the protein with either performic acid or
dithiothreitol followed by iodoacetate, effectively cleaving the disulfide bond and

preventing reassociation. These treatments would yield cysteic acid and
carbosymethylated cysteine residues, respectively [20].
However, the absence of measurable amounts of any of the amino acids analyzed
is a significant concern. The most obvious conclusion would be that proteins are not
present in the paint samples or have deteriorated below detectable quantities. In none of
the samples is protein the last remaining possibility: the blind study samples have not
been analyzed for fatty acids, and all the samples have yet to be tested for carbohydrates.
Still, there are a number of reasons why we should not be hasty to discount proteinaceous
media as the carbon source in the paints.
Firstly, the clean-up technique utilized in this study was developed successfully
for identification of protein binders in museum art samples, which have the advantage of
being more recent and being housed in an environment favorable for preservation.
Should any proteins be present in our samples, the pipette-tip method may not be suitable
for such a small amount of material. There may be similar concerns in regard to the
method of analysis, that GC-MS may not be sensitive to miniscule sample quantities.
Tandem mass spectrometry such as MS/MS provides greater sensitivity and is used
extensively in peptide sequencing. Mori et al. [21] found Asp, Ala, Leu and Val, as well
as trace amounts of Thr and Gly by using electrospray ionization tandem mass
spectrometry for pictograph samples from Central Sahara.
Yet even more powerful methods exist in the field of proteomics that have been
used for over a decade, specifically peptide-mass fingerprinting [22]. Proteins are not
hydrolyzed in acid, but cleaved using a digestive enzyme, such as trypsin or
chymotrypsin. Resulting peptide fragments can be separated using liquid

chromatography and subsequently analyzed using a matrix-assisted laser
desorption/ionization mass spectrometer with a tandem time-of-flight analyzer, or
MALDI-TOF-TOF. This procedure has been applied by E. Cappellini et al. [23] for the
successful sequencing and identification of synthesized paints of known composition that
also underwent rapid ageing under UV light. Primary proteins of milk, glue, and eggbased binders were identified using Swissprot software, which could account for amino
acid alterations due to hydrolytic and oxidative degradation. This is particularly
important, as the amino acids in this study were specifically selected by mass; any
chemical alterations due to ageing would render them invisible in SIS mode. Using
proteomics with powerful software that can take into account certain chemical changes
has great potential for ancient art samples, which have not yet been attempted using the
abovementioned procedure. This may be where the future of paint binder analysis lies,
and the techniques developed for cell biology may have a place in our study of the past.
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